By Fourier transform microwave spectroscopy, lambda-doubling transitions of 12 CH and 13 CH in the lowest rotational levels of the X 2 ͟1/2 ground state have been directly detected, which has not been done previously. For both radicals, hyperfine-split lines have been measured to an accuracy of better than 1 ppm between 3 and 15 GHz, an improvement of at least 2 orders of magnitude over previous laboratory data. The measured frequencies have been combined with all previous data for CH and 13 CH in the v ‫؍‬ 0 level of the X 2 ͟ electronic state to determine improved hyperfine parameters. The production of CH from various gases also has been studied and, with methanol, the yield of CH relative to OH. Astronomical studies of CH in higher rotational levels and 13 CH can now be undertaken on the basis of the present work.
T
he CH radical is widely distributed in astronomical sources, observed in planetary atmospheres, comets, HI and HII regions, dark molecular clouds, and planetary nebulae. It was one of the first interstellar molecules identified (1, 2) , by means of detection in the optical band of a single line [R 2 (1) ] near 4,300 Å of the A 2 ⌬ 3 X 2 ͟ electronic transition. It has now been observed in other parts of the spectrum as follows: (i) in the radio, by detection of lambda-doubling transitions near 3.3 GHz (3) (4) (5) in the lowest rotational level (J ϭ 1͞2) of the X 2 ͟ 1/2 state; (ii) near 700 MHz (6) in the lowest rotational level of the upper fine structure ladder (X 2 ͟ 3/2 ); (iii) in the far-infrared (FIR), by detection in both absorption (7) and emission (8) of its fundamental rotational transitions at 149.09 and 149.39 m; and (iv) in the far UV, including the diffuse feature at 1369.13 Å (9) . There is little astronomical data on the rare isotopic species 13 CH, but some of its lines have been identified in the solar spectrum (10) .
Because of the astronomical importance of CH, considerable effort has been devoted in the laboratory to measure its rotational spectrum. Early studies by laser magnetic resonance (ref.
11 and references therein) allowed some of the more interesting lines to be predicted to an uncertainty of Ϸ2 MHz. Since then, more accurate FIR spectra (good to 100 kHz; ref. 12 ) and submillimeter-wave spectra (good to 30-100 kHz; ref. 13 ) have been obtained, as well as microwave-optical double resonance (MODR) measurements (14, 15 ) and a few centimeter-wave measurements at fairly high J ϳ 6.5 (16) to better pin down the lambda-doubling intervals. 13 CH has been studied by some of the same techniques (17) (18) (19) , but owing to the lack of tunable FIR measurements, its rotational spectrum until now could only be predicted to a few megahertz.
Although much laboratory spectroscopy has already been done on CH and 13 CH, still more is needed: many of the lambda-doubling transitions have not been measured to high precision, and only a small number of the FIR spin-rotational intervals have been detected at adequately high signal-to-noise. It is particularly surprising that none of the lowest-J lambdadoubling transitions have been directly observed, because many of these for OH were reported Ͼ20 years ago (ref. 20 and references therein) in response to astronomical detections. At present, the most accurate measurements of the CH lambdadoubling frequencies are those derived from the astronomical data. For 13 CH, owing to the lack of such data, these transitions are only good to a few megahertz.
In this work, we report the direct detection of microwave lambda-doubling transitions of CH and 13 CH in the lowest rotational levels of the lower fine structure ladder of the X 2 ͟ r electronic ground state. The radicals were produced in a discharge through methane or other hydrocarbons heavily diluted in a Ne buffer, but it was then found that methanol yielded somewhat stronger lines. Frequencies have been measured to better than 1 ppm, an improvement over previous laboratory data of order 100 for CH and 1,000 for 13 CH. When these measurements are included in a least-squares analysis of all of the available data, a set of spectroscopic constants is obtained that yields significantly better predictions of the CH and 13 CH lambda-doubling transitions. Detection of CH in higher rotational levels and 13 CH with radio telescopes would help to clarify the formation and excitation in space of this fundamental radical (6, 21) . Fig. 1 shows, a total of nine hyperfine lines in the X 2 ͟ 1/2 state of CH, three from J ϭ 1͞2, four from J ϭ 3͞2, and two from J ϭ 5͞2, have now been measured (see Table 1 ). Most are observed with high signal-tonoise ratios as the spectrum in Fig. 2a shows. Owing to the I ϭ 1͞2 nuclear spin of carbon-13, there is more hyperfine dilution in 13 CH than in CH and somewhat weaker lines. Despite that, 16 lines of 13 CH, including 14 from J ϭ 3͞2, have been detected (Table 2) , many again with good signal-to-noise ratios (Fig. 2b) . Note that, for the J ϭ 3͞2 lambda-doubling spectrum, all of the weaker hyperfine lines (generally those with ⌬F 1 0) are observed fully resolved, despite their relative weakness. This result was not the case for the earlier MODR measurements (18) , where the linewidth was considerably broader.
Results

As the rotational energy level diagram in
For both CH and 13 CH, unsuccessful searches for lambdadoublet transitions in the upper X 2 ͟ 3/2 fine structure ladder were undertaken. On the basis of long integrations about the expected frequencies, we estimate that the relative intensities between the two ladders differ by at least a factor of 20. Radiative relaxation cannot account for the lack of population in the upper ladder, because the calculated Einstein A-coefficient (of order 6 ϫ 10 Ϫ4 ⅐s Ϫ1 ) for spontaneous emission from J ϭ 3͞2 of the X 2 ͟ 3/2 ladder to J ϭ 1͞2 of the X 2 ͟ 1/2 ladder is small compared with the timescale of the supersonic expansion (1 ms). It likely instead that CH, like OH, is preferentially produced in the lowest fine structure ladder.
A refined set of spectroscopic constants has been derived for CH and 13 CH by a least-squares fit of the new measurements plus all of the other available spectroscopic data, by using an effective Hamiltonian for a diatomic molecule in an isolated X 2 ͟ electronic state. For CH, this data set (see table 2 of ref. 12) includes earlier measurements from astronomical observations (6), MODR (14, 15) , tunable FIR (12), microwave (16) , and submillimeter-wave (13) spectroscopy; for 13 CH, the data include frequencies from MODR (17, 18) and laser magnetic resonance (19) . Details of the Hamiltonian are given in ref. 22 and references therein. In the analysis, each measurement was weighted by the inverse square of its experimental uncertainty. As before, the parameter A D cannot be determined separately from the spin-rotation constant ␥ (23) and so was constrained to zero in the fit, and some of the smaller parameters (H, ␥ D , p H , Fig. 1 . Energy-level diagram of the lower rotational levels of the X 2 ͟1/2 ladder of CH, with the lambda-doubling and hyperfine structure exaggerated by a factor of 20 or more for clarity; total parity is given by the plus and minus signs. The hyperfine-split lambda-doublet transitions detected in this experiment are shown as solid lines; the much-higher-frequency pure rotational transitions are indicated as dashed lines. Table 3 . and q H ) for 13 CH have been constrained to the values of the normal isotopic species. The standard deviation of the fit relative to the estimated experimental uncertainties is 2.04 for CH and 1.13 for 13 CH; the higher value for CH probably reflects the overoptimistic estimates of experimental uncertainties in table 2 of ref. 12 .
The parameters derived in the present work are compared with previous values in Table 3 . Because both data sets now contain more accurate measurements of the lambda-doubling, the hyperfine constants are significantly better determined: c and d for CH and c( 13 C) for 13 CH by as much as a factor of 17. In addition, for 13 Rotational Temperature of CH in the Supersonic Beam. Detection of lambda-doublet transitions associated with the J ϭ 3͞2 and J ϭ 5͞2 rotational levels for both CH and 13 CH indicates that the effective rotational temperature of these radicals in our supersonic beam is fairly high. On the basis of the intensity measurements and the assumption of a Boltzmann distribution, T rot ϭ 30 Ϯ10 K, Ϸ4 times lower than that found for the hydroxyl radical under the same conditions: T rot ϳ 120 Ϯ 20 K. This value is Ϸ10 times higher than the value (T rot ϭ 2 Ϫ 3 K) that characterizes heavier molecules in our expansion. Because the rotational interval of these light hydrides is much larger than the collisional frequency, conversion of rotational energy to translational energy is apparently fairly inefficient on the timescale of the expansion, yielding rotational temperatures that are intermediate between that of the expansion initially (300 K) and the adiabatic limit (Ϸ1 K). For even modestly heavier molecules, with much smaller rotational intervals, temperatures of a few kelvin are routinely achieved after a small number of collisions.
It has been possible to observe under identical chemical conditions lambda-doubling transitions of CH and OH with methanol as the precursor gas. Under optimized conditions, lines of OH are Ϸ20 times stronger than those of CH. In addition, transitions of OH from both fine structure ladders have been observed, although those from the upper ladder (X 2 ͟ 1/2 ) are at least 10 times weaker than those from the ground state (X 2 ͟ 3/2 ). If the same decrement holds for CH, an additional factor of 5 in production efficiency or detection sensitivity would be required to detect transitions from the upper ladder. A fuller account of the OH observations will be reported elsewhere.
Production of CH Using Different Precursor Gases. The production of CH has been investigated with a number of precursor gases to determine which yields the stronger lines. Those gases used by others with good success include methane or methanol alone, methane in combination with either carbon monoxide or oxygen (12) , and methane plus F atoms (18) . For each gas mixture, the gas concentration, discharge voltage, and flow rate were separately optimized by monitoring the intensities of several strong CH lines near 7 GHz. The production of CH from most gases was found to be similar, with methanol yielding the strongest lines (relative CH intensity of 1.7), by almost a factor of 2 over methane (relative intensity 1.0). CH production with CH 4 ϩ CO (relative intensity 0.9), and CH 4 ϩ O 2 (relative intensity 1.2) are comparable, in good agreement with a study by Bogey et al. (16) . Trichloromethane was found to be a poor source for CH, with a relative intensity of 0.5.
ʈ For reasons of safety, no experiments were done with fluorine.
Discussion
The present investigation nicely demonstrates that Fourier transform microwave (FTM) spectroscopy is a useful spectroscopic tool to study a light hydride whose pure rotational transitions lie well above the operating range of current FTM instruments. Because the allowed lambda-doublet transitions of CH fall in the centimeterwave band, precise spectroscopic information on the hyperfine interaction in this fundamental radical is directly obtained.
Other hydrides and light molecules also possess lambda-type doublets in the centimeter-wave band, either in their ground state or in a low-lying vibrationally excited state. Those from the J ϭ 3͞2 level of ground state SiH (X 2 ͟ 1/2 ), for example, lie near 5.7 GHz (24). This radical might be best produced from silane, a source that has already been used to study a number of silicon molecules in this laboratory (25) ; l-doublets from the somewhat heavier radical, C 2 H, have recently been detected here from the 2 mode lying 370 cm Ϫ1 above ground (S. Brünken, personal communication).
It also would be desirable to observe transitions from the X 2 ͟ 3/2 ladder of CH to better determine all four hyperfine constants. That may be possible with laser photolysis of a stable precursor molecule, which often produces nonthermal populations of radicals. Photolysis of water at 157 nm (26) , for example, produces OH nearly equally in both fine structure ladders, both in the ground and first excited vibrational state. For CH, photolysis of CHBr 3 at 248 nm has been shown (ref. 27 and references therein) to efficiently produce CH. Because of the need to focus the laser radiation near the throat of the nozzle, CH will only be produced in a small fraction of the expansion, but even this amount may suffice for detection by FTM spectroscopy (28) .
To round off the present work, detection of CD is desirable. Attempts to detect lambda-doublet transitions from the J ϭ 7͞2 level near 7 GHz, a frequency where lines of CH are strongest, have failed. Presumably this failure arises because the rotational temperature is correlated to the rotational constant, which is a factor of 2 smaller for CD than for CH; if true, it implies that the strongest lines will again be those for the J ϭ 3͞2 level, which are calculated to lie near 1.8 GHz (29) . Because the sensitivity of the spectrometer with our mesh cavity is 15 times lower than with the open resonator, detection at these frequencies with a somewhat larger cavity than that ʈ All precursors were heavily diluted in neon when determining their relative intensity of CH. Comparisons were based on the intensity of the 7348.28-MHz line. *Units are megahertz, except for the g-factors. Best-fit constants are derived from the data in Tables 1 and 2 used here will prove challenging but should still be possible using an isotopically enriched sample of CD 4 or CD 3 OD.
Materials and Methods
FTM spectroscopy of supersonic molecular beams has become a sensitive, high-resolution technique to study reactive molecules, particularly ones of astronomical interest. During the past 8 years, the rotational spectra of Ͼ130 reactive carbon, silicon, and sulfur species have been characterized by this technique in this laboratory alone (30) . Radicals, carbenes, and other reactive molecules here are produced in a discharge nozzle source (see figure 8 of ref. 31) consisting of a commercial solenoid valve and a cylindrical set of alternating layers of Tef lon insulators and copper electrodes; the nozzle is located on axis in one of the mirrors of the large confocal Fabry-Perot cavity of the spectrometer, an arrangement that yields very sharp lines and line frequencies good to better than 1 part in 10 6 . As the stream of precursor gas (heavily diluted in an inert buffer) expands through the throat of the nozzle, an electrical discharge (Ϸ1,000 -1,500 V) is applied. Fragmentation of the precursor followed by rapid reactions efficiently produces a rich assortment of stable and unstable molecules. Because the details of the reactions taking place are poorly understood, the optimal production of each species must be found empirically.
Within a few nozzle diameters from the end of the discharge source (or Ϸ2 cm), the effective rotational temperature of the molecular beam drops to a few kelvin, and the beam velocity rises to about twice the speed of sound in air. As the molecules approach the center of the cavity, a short pulse (1 s) of microwave radiation nearly resonant in frequency with the cavity mode is applied; the Fourier transform of the free induction decay then yields the power spectrum. To achieve narrow linewidths and high spectral resolution for a radical like CH, three mutually perpendicular sets of Helmholtz coils were used to cancel the Earth's magnetic field at the center of the cavity. The residual magnetic field was Ϸ10 -15 mG (Ϸ3% of the unshielded field of 400 mG) over the active volume of the spectrometer, sufficiently small to allow resolution of closely spaced hyperfine structure, but unfortunately large enough to broaden some hyperfine transitions by more than the intrinsic instrumental linewidth of Ϸ6 kHz produced by the TOF of the molecular beam (32) through the Fabry-Perot cavity.
CH Measurements. The lowest rotational (J ϭ 1͞2) lambdadoubling transition of CH near 3 GHz was not accessible with our spectrometer as usually operated, owing to diffractive losses from the open resonator. It can be detected, however, if a circular wave-guide cavity (E. S. Palmer and C. A. Gottlieb, personal communication) is placed inside the Fabry-Perot chamber (see Fig. 3 ). Because the lower-frequency limit is determined by the diameter of this cavity, transitions as low as 2 GHz were detected. This cavity was constructed of copper mesh, which is highly ref lective to microwaves but offers little resistance to the f low of gas from the nozzle, which was then pumped away fairly efficiently by a large diffusion pump (8,000 liters͞s). The mesh cavity employed the same discharge source and microwave receiver as the open resonator, so the methods of production and detection remained the same.
No frequency search was required for the 3-GHz lines, because fairly precise frequencies are available from the astronomical data (4). Frequency measurements were initially made with a discharge through CH 4 heavily diluted in neon (0.3%), a good source in previous studies (12, 14, 18) . After optimizing the intensity of the 3-GHz lines, searches near 7 and 14 GHz were then undertaken on the basis of frequency measurements from MODR studies (14, 15) . Frequencies determined in this way are uncertain to only Ϸ150 kHz, approximately one-half the spectral bandwidth of our spectrometer (0.4 MHz at these frequencies), so little search was required.
Under optimized experimental conditions, the strongest CH line at 7348.42 MHz was detected with a signal-to-noise ratio of 25 in Ͻ10 min of integration [with a gas pulse of 280-to 300-s duration (i.e., a total gas f low of 20 -25 cm 3 ͞min at STP), a discharge voltage of 1,300 V, and a total pressure of 2.5 ktorr (3.2 atm) behind the nozzle]. Tests with different precursors subsequently showed that methanol produced 2-fold stronger lines than methane, so methanol was used for subsequent measurements. The open resonator was used for the higher-frequency measurements, because with it the lines are at least 15 times stronger than with the mesh cavity, presumably because collisional relaxation is significant in the cavity owing to its smaller dimensions and lower transparency.
13 CH Measurements. Isotopically enriched 13 CH 3 OH (99% purity) was used for the 13 CH measurements, with other experimental conditions nearly the same as those that optimize lines of CH. Wide spectral searches (Ϸ0.2%) around the predicted frequency for each 13 CH line were undertaken, because lines in the previous MODR measurements (18) are quite broad, of order 10 MHz FWHM. The strongest 13 CH lines were generally detected in frequency within 0.07% (i.e., 5 MHz at 7 GHz or one-half of a linewidth) of the previous measurements.
Because the density of unidentified lines is low with either the methanol or carbon-13-enriched sample, there was little trouble picking out the lambda-doubling transitions of either CH or 13 CH. To rule out misassignments, however, several additional tests were performed as follows: (i) each line was shown to disappear when the discharge was turned off, indicating that the carrier is a reactive molecule formed in situ in the discharge; (ii) each line disappeared or was significantly broadened when a permanent magnet was brought near the molecular beam, confirming that, as required, that the carrier is a radical, and (iii) elemental tests confirmed that each line arose from a carbon-and hydrogen-containing molecule: the CH lines disappeared when CH 3 OH was replaced by either 13 CH 3 OH or CD 3 OH, and the 13 CH lines disappeared when 13 CH 3 OH was replaced by CH 3 OH.
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